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Abstract 
Cold forging applied to forming of bimetallic components is becoming more and more popular as a potential one-step 
manufacturing process. This paper describes the development of improved analytical models to calculate the forming load in 
bimetallic ring-cylinder assemblies. Using the approach of previous simplified models based on the Coulomb friction model, two 
new analytical models have been developed considering the shear friction model for a better simulation and approximation to the 
real problem. The analytical models were validated by experimental results. The forming process was then simulated using the 
finite element method and a number of cases were analyzed; the new models show better results compared to the original ones, 
and more specifically the model that considers the resulting force as the sum of forces required to form a cylinder and a ring 
separately. We propose these new models to solve inherent problems associated with previous approaches due to the friction 
model implementation. 
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1. Introduction 
Forming of bimetallic components is becoming very popular in the last years [1,2]. Nonetheless, the EU Horizon 
2020 work program for 2014-2015 identified as a critical research and development area the industrial technologies 
for advanced joining and assembly processes of multi-material, such in the case here studied. A bimetallic 
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component is manufactured from two preforms of different metal alloys; it is the case of some coining processes [3]. 
As the popularity of cold forging operations applied to bimetallic components rises, it becomes necessary to get into 
the specifics of the process as well as to improve and extend the current knowledge and work related to this kind of 
process. This paper is focused on the development of an analytical expression in order to calculate the forging forces 
during plastic compression of bimetallic components, taking as the study case the assembly of a ring of AISI 1045 
steel and a cylinder of AISI 1015 steel.  
Recently, two analytical models were presented by Plancak et al. in [4] for the evaluation of forging forces of this 
type of assemblies and the same materials considered in this paper. Models M1 and M2 were presented as simplified 
models of the real problem. M1 evaluates the forging force of the assembly as the sum of the forging force for the 
cylinder and the forging force for the ring separately whereas M2 considers a simplified model, built by replacing 
the original components for a solid cylinder, whose outer diameter is the same as the outer diameter of the original 
ring and the same height. M2 stress-strain curve is obtained by weighting the original yield stress value with the 
volume contribution of the ring and cylinder, respectively. Schematics of the simplified models M1 and M2 are 
presented in Fig. 1. Both M1 and M2 consider the Coulomb friction model between tools and work pieces and 
neglect friction forces at the work pieces interface.  
 
 
Fig. 1. Simplified models M1 and M2 developed by Plancak et al. [3] 
Authors in [4] showed a comparison of results obtained by M1 and M2 models with laboratory tests although 
results were successful, more accuracy in the models as well as a wider number of tests are required in order to  
improve the original models and validation. A more detailed description of the results from various simulations and 
configurations are presented in [5]. 
2. Development of improved analytical models M1G and M2G 
2.1. Analytical approach 
One of the main sources of inaccuracy of M1 and M2 models can be found in the inappropriate consideration of 
the friction model. Friction in bulk forging processes has been deeply studied, and the ring compression test is the 
most widely recognized test for friction factor determination [6-9]. It is accepted [10,11] that in forging processes, 
where a high pressure occurs, the constant friction model or shear friction model offers a more precise 
approximation than the Coulomb model. Nevertheless, there have been approaches to propose a more accurate 
determination of friction factor [12] as well as friction model. It was found that the difficulties arising from the 
calibration of frictional curves [13] and the complexity of the resulting model recommend to use a simpler model, 
compromising accuracy and experimental difficulties. Hence, new analytical models M1G and M2G will be 
developed based on previous M1 and M2 models, but considering the constant friction model.  
Firstly, an analytical expression for calculating the compression force of a ring assuming the shear friction model 
will be developed, using the slab method [8]. The infinitesimal slab of a ring and stress distribution during the 
compression process is shown in Fig. 2. 
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Fig. 2. Stress distribution during a ring compression process assuming the constant shear friction model [4] 
Based on [4], the equilibrium of forces in the radial direction is as follows:  
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Neglecting terms of second order and introducing a new variable 
m
H
D  , equation (1) can be solved to find out 
the expression for calculating the forging force for the ring as follows: 
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being Y, the yield stress of the material, and A, the contact area.  
The expression for calculating the forging force in case of a solid cylinder can be deduced by making Ri = 0 thus  
0
1
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Expressions (2) and (3) can be rewritten by defining two geometrical factors Krr and Krc which reflects the 
geometrical characteristics for each case.   
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Introducing (4) and (5) into (2) and (3) respectively we can write the expression for calculating the forging force 
according to models M1G and M2G as follows 
1  M G r c r r rr c c rcF F F A K A KV V             (6) 
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2  M G c c rcF A KV            (7) 
*
  crc r c
r r
VV
V Vc V Vc
V V V            (8) 
Where the term 
*
cV has been introduced as an estimation of the yield stress for the work piece in model M2G. 
The estimation is made by the contribution of the yield stress of each one of the original pieces weighted by the 
volume ratio.  
2.2. Validation with experimental tests 
Once having the new analytical expressions FM1G and FM2G results from M1, M2 and real experimental tests 
in laboratory presented in [3] were compared with the evaluation of expressions of models M1G and M2G; the latter 
providing a better approximation as shown in Table 1. These results suggest a better accuracy of M1G and M2G 
compared to the original models. Results in red and green show the maximum and minimum error for the four 
models, considering the experiments as the reference values. 
Table 1. Comparison of results. 
Experimental tests Error 
M1 
Error 
M2 
Error 
M1G 
Error 
M2G 
E1 4.88% 7,12% 1,63% 2,82% 
E2 10,37% 13,27% 6,63% 8,19% 
E3 3,85% 7,92% -0,92% 1,25% 
E4 3,13% 12,46% -5,93% -0,99% 
3. Models comparison using finite element analysis 
Once proved the better performance of models M1G and M2G compared to the original approaches M1 and M2 
presented in [3], a new set of cases for a selected range of process parameters will be simulated using finite element 
analysis with DEFORM software. One of the models implemented is shown in Fig. 3. Then, results from finite 
element analysis (FEA) and the analytical expressions presented above will be compared, taking the results from 
FEA as the reference. 
The variables selected for the experiments are three:  
 
x H/Do: relation between the height and the outer diameter of the pieces 
x εf: true strain at final stage 
x m: friction factor between tools and work pieces 
 
 
Fig. 3. Finite Element model with software DEFORM 
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The different values for each of those variables are defined in Table 2. The rest of problem parameters are kept 
constant as in the previous experiments and also in [3]. Each experiment (simulation) will be conducted with each 
one of the possible combinations of these three parameters, making a total set of 280 simulations.  
Table 2. Variables selected 
Variable Definition Units Values 
X1 H/DO N.A. 2.00;1.60;1.00;0.75;0.5;0.25;0.10 
X2 εf N.A. 0.30;0.35;0.40;0.45;0.50 
X3 m mm 0;0.05;0.10;0.20;0.30;0.40;0.50;0.80 
 
Simulations were conducted using the finite element analysis software DEFORM, considering the axial 
symmetry of the problem. Fig. 4 shows a specimen during the simulation of the forging process, as well as the load 
prediction for each step.  
 
 
  
 
 Stroke 0 Stroke 2.5 mm  
 
  
 
 Stroke 5 mm Stroke 7.5 mm  
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 Stroke 10 mm Stroke 11.8 mm  
Fig. 4. Evolution of a model during forging process with FEM simulation. H/D0=0.50, εf =0.30, m =0.30. 
 
 
Fig. 5. Absolute error of models M1 and M1G results compared with FEM 
 
Fig. 6. Absolute error of models M2 and M2G results compared with FEM 
It is particularly interesting how a pattern of error appears in both Fig. 5 and 6. More specifically, we can identify 
a growth in the error when increasing values of friction and true strain and a decrease of it when the geometrical 
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factor H/D0 is higher, corresponding with rising simulation numbers. An explanation of the above behavior could be 
found on how with higher values of friction and true strain the final geometry will vary more from the ideal 
geometry and friction conditions considered in the modelization of the theoretical approach, thus moving away from 
all initial considerations and increasing the error of the estimation. 
As shown in Fig. 5 and 6, in more than 50% of the studied cases the difference between prediction and results 
from finite element simulation was less than ±10%. In more than 70% of the case studies results from M1G were 
more accurate than those from M2G; thus, the first one should be considered as the preferred model for forging 
force calculation.  
Fig. 7 shows different results from simulations at the end of the process with their respective strain scale. It is 
important to notice the effect of the geometrical factor and strain into the final geometry of the pieces, especially 
into the contact area between ring and cylinder and into the geometry of the ring. Given the importance of this into 
the quality of the union between bimetallic components and final aspect of the workpiece, more investigation should 
be carried out to determine acceptable geometrical factor strain relations. Different final shapes of hollow cylinders 
after compression and barreling shapes are studied in [14].    
 
  
 
Simulation 50; H/Do =1.6; εf =0.50; m=0.05 Simulation 115; H/Do =1; εf =0.50; m=0.5  
  
 
Simulation 200; H/Do =0.50; εf =0.50; m=0.8 Simulation 250; H/Do =0.10; εf =0.50; m=0.05  
 
Fig. 7. Strain diagrams at the end of 4 simulations with different parameters 
4. Conclusions 
According to our results, the analytical models M1G and M2G presented in this paper determine forging forces 
during compression of bimetallic axial assemblies more accurately than previous analytical models, especially on 
those cases of higher friction conditions and true strain, both parameters characteristics of this kind of 
manufacturing processes. Thus, both models can be considered an improved approach compared to previously 
existing models M1 and M2, developed by Plancak et al. 
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In more than 50% of the studied cases the difference between prediction and results from simulation was less 
than ±10%. We can conclude consequently that models M1G and M2G calculates forging forces for bimetallic 
components within an acceptable error margin for this kind of processes and technology.  
In more than 70% of the case studies results from M1G were more accurate than those from M2G; M1G showed 
an overall better approximation over M2G, thus the first one should be considered the preferred model. M2G was 
however more accurate in some experiments, so more investigation should be carried out in other to determine 
preferred cases for each model depending on geometrical factors, materials and forging variables, among others.  
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